Abstract-In this paper, a hybrid network combining visible light communication (VLC) with a radio frequency (RF) wireless local area network (WLAN) is considered. In indoor scenarios, a light fidelity (Li-Fi) access point (AP) can provide very high throughput and satisfy any illumination demands while wireless fidelity (Wi-Fi) offers basic coverage. Such a hybrid network with both fixed and mobile users has the problem of variable user locations, and thus large fluctuations in spatially distributed traffic demand. Generally, a handover occurs in such a method when a user is allocated by the central controller unit to a different AP which is better placed to serve the user. In order to be representative of real deployments, this paper studies the problem of load balancing of a dynamic system where we consider the signalling overhead for handover. We propose a scheme for dynamic allocation of resources to users, where the utility function takes into account both throughput and fairness. The simulation results show that there is a trade off between the aggregate throughput and user fairness when handover overhead is considered. The proposed dynamic scheme always outperforms the considered benchmarks in terms of fairness and can achieve better aggregate throughput in the case of low user density.
I. INTRODUCTION
The increasing number of mobile devices and various mobile services is saturating the currently used RF spectrum. LiFi technology focuses on the unregulated and unused optical spectrum for wireless communication [1] . In addition to its ability to combine illumination and communication, this LiFi technology can achieve high data rates, currently over 3 Gbps, as shown in [2] . An additional benefit of the different spectrum employed is that Li-Fi does not cause interference to traditional RF communication [3] , thus giving the possibility of hybrid networks that combine Li-Fi with RF.
In indoor situations, a hybrid integration of Li-Fi augmented by Wi-Fi is expected to significantly improve both the performance and the user experience [4] . On the one hand, in general, Wi-Fi can provide ubiquitous coverage and on the other hand, Li-Fi can significantly augment the maximum load the network is able to carry. Consequently, the hybrid network should retain the benefits of both Wi-Fi-only and Li-Fi-only networks, and achieve better performance than either standalone networks.
In such a hybrid network, fair and efficient load balancing can be a challenge. Related research has been undertaken in RF-only networks [5, 6] . In a RF-only network, all users gain network access via a single Wi-Fi AP. However, in a hybrid network, some users are allocated to the Wi-Fi AP while others are served by one of the deployed Li-Fi APs. Moreover, due to the mobility of users within the deployment area, a dynamic algorithm is required to continually update the users' AP allocation. In order to realistically model such a system, the handover overhead needs to be considered for the different types of handover: Li-Fi to Wi-Fi, Li-Fi to Li-Fi, and Wi-Fi to Li-Fi. In this study, an effective dynamic scheme for the allocation of system resources in a hybrid network with handover overhead is proposed. The rest of the paper is organised as follows: The hybrid system model with static and mobile devices is introduced in Section II. A detailed description of the dynamic allocation scheme including a definition of the load balancing problem is given in Section III. The performance evaluation of both system throughput and fairness is shown in Section IV. Section V gives the conclusions.
II. SYSTEM MODEL

A. System setup
A hybrid downlink (DL) dynamic system model is considered, where mobile users move randomly and fixed users are stationary. Both types of users are served by the hybrid Wi-Fi/Li-Fi network. The hybrid network consists of a set of Li-Fi APs and a single Wi-Fi AP. Specifically, each LiFi AP consists of a LED lamp which contains several LEDs. Additionally, due to only considering line-of-sight (LoS) transmissions in this study, each Li-Fi AP is capable of covering a confined cell and the Wi-Fi AP is assumed to cover the entire indoor environment. All the Li-Fi APs in this system reuse the same bandwidth, B, and transmit different signals. Thus, users in the overlapping area of Li-Fi cells, referred to as optical attocells, will experience interference, and this is treated as noise in the model. We assume there is a central unit monitoring the system continuously at an interval time T to allocate resources to users according to their channel state information (CSI).
Notations V and W denote the sets of optical attocells and the Wi-Fi cell respectively, where the number of optical attocells is N C . Notation U is the set of fixed and mobile users. Each user is either allocated to the Wi-Fi AP or one of the Li-Fi APs which must reside in the field of view (FoV) of this user. Since the central unit will check the system within an interval time, n is denoted as the sequence number of each state, where n is a natural number. At each state, a new resource allocation is determined by the central unit, and T is the interval time between two neighbouring states. The set of the achievable throughput between an AP α and a user µ at state n can be defined as
We assume there is a constant throughput for the WiFi AP regardless of the user position, denoted as R 0 . The details of the throughput in the Li-Fi network is given in subsection C.
We consider the full buffer traffic model in this system so that the maximal achievable data rate can be evaluated for each user all the time. Additionally, a Li-Fi AP or the Wi-Fi AP can serve more than one user simultaneously. We assume that time division multi-access (TDMA) is employed here and denote k (n) µ,α as the proportion of time that AP α is allocated to user µ in state n, where k
B. Handover overhead
In the dynamic system, the varying CSI of mobile users has a significant influence on resource allocation. The system central unit should allocate one of the Li-Fi APs or the Wi-Fi AP to transmit signals to each user. When two different APs are chosen to serve any user in two neighbouring states, a handover occurs.
Since time resource is required to carry out a handover, there is overhead which needs to be considered in the model. In our system, the handover can be classified into three types: from Wi-Fi to Li-Fi, from Li-Fi to Wi-Fi, or from one LiFi AP to another one. During the handover period, no data is conveyed to the corresponding users, which results in a loss of throughput between the AP and the user. Let t vw , t wv and t vv be the handover time for the three types of handover described above. Thus, the data transmission efficiency to users in the state when a handover occurs can be denoted as
C. Channel model and optical orthogonal frequency-division multiplexing (OFDM)
According to [7] , the optical channel gain of a LoS channel is defined as
where m is the Lambertian index which is a function of the half-intensity radiation angle θ 1/2 , expressed as m = −1/ log 2 (cos(θ 1/2 )); A p is the receiver's physical area of the photo-diode; d is the distance from a Li-Fi AP to the optical receiver; φ is the angle of irradiation and θ is the angle of incidence; Θ F is the half angle of the receiver's FoV;
is the gain of the optical filter, and the concentrator gain g(θ) can be written as
where n is the refractive index. For a given user µ connected to a Li-Fi AP α, the signalto-interference-plus-noise ratio (SINR) can be written as
where γ is the optical to electric conversion efficiency; P t is the transmitted optical power of a Li-Fi AP; N 0 [A 2 /Hz] is the noise power spectral density; H µ,α is the channel gain between user µ and respective Li-Fi AP; and H µ,else is the channel gain between user µ and the interfering Li-Fi APs.
In this system, optical OFDM is employed. Owing to the intensity modulation and direct detection used in LiFi, only real-valued signals can be transmitted to receivers. Thus, at least half of the sub-carriers must be used to realise the Hermitian conjugate of the complex-valued symbol after modulation. Consequently, the achievable data rate between user µ and Li-Fi AP α with half of the bandwidth exploited in state n can be expressed as
III. DYNAMIC LOAD BALANCING SCHEME
In this section, a dynamic technique for balancing the load between the optical attocell network and the Wi-Fi network is introduced. Firstly, the load balancing problem is formulated in each state and the optimisation framework is established. Following that, the operation of the central unit in the dynamic system with handover overhead considered is described.
A. Load balancing problem in each state
According to [8] and [9] , log(γ) can represent the utility function of users with proportional fairness achieved, where γ is data rate of each user. Considering an arbitrary state n, the formulation of the load balancing problem to maximise the system throughput under proportional fairness constrains can be written as
where g
µ,α is a binary number which equals 1 when user µ is connected to AP α and it is otherwise 0; k (n) µ,α is a fractional variable between 0 and 1, denoted as the proportion of time that AP α is allocated to user µ. The optimum k (n) µ,α cannot equal 0 so that log(0) is avoided, which will be shown later. b This is a problem of mixed integer and non-linear programming. We can use a decomposition-based approach to decompose the original problem into solvable sub-problems according to [10] .
Firstly, we show the relationship between the two variables g (n)
µ,α and k (n) µ,α when the problem is optimised. Specifically, when the optimum g (n)
µ,α is known, for a given AP α, the objective function in (6) can be expressed as
where
α is the set of all the users allocated to the AP α and M (n) α represents the number of its elements. According to the inequality of arithmetic and geometric means, the maximum value is achieved only when we have k
for any user µ connected to the AP α, where k (n) µ,α cannot equal 0. Moreover, it can be seen from the result that all users have an equal time resource for data transmission, which potentially guarantees the fairness in the system.
In this way, we can rewrite the problem in (6) as
µ,α log(
To solve this problem, the Lagrangian function for (8) with two constraints of (9) and (10) is used. The parameters λ (n) µ and ω (n) α denote the Lagrangian multipliers corresponding to the constraints of (9) and (10), respectively. The Lagrangian function, therefore, can be expressed as
After combining the terms that have same variables in (11), we have
In this case, we can decompose the problem of (8) µ,α ∈ {0, 1} for each user, we find that for each µ ∈ U, the optimum is
Based on (10) and (15), the number of users allocated to AP α can be obtained by using this result, which is denoted as M (n) α,1 . In addition, the value that maximizes L 2 when the Lagrangian multipliers are fixed can also be determined straightforwardly.
Here we denote the result as M 
We iteratively solve two sub-problems by adjusting λ (n) µ and ω (n) α in small steps, which are given as
where ǫ 1 and ǫ 2 are the sufficiently small step sizes required for guaranteeing convergence. For simplicity, we can change (18) to account for λ (n) µ = 0 since the constraint of (9) is always satisfied when (15) is achieved, which means λ (n) µ is a constant number during the iteration. In this way, we only need to update ω (n) α iteratively. An appropriate threshold δ T is defined and the variables converge to the optimums if the difference between two consecutive iterations is less than δ T . The threshold δ T should be small enough, but not necessarily be a particular value. A smaller value of δ T will make the convergence slower. The detailed dual decomposition algorithm is not shown in this paper.
B. Dynamic Algorithm
Here we consider a dynamic process where a central unit allocates the system resources to all users in each state. Due to the influence of the movement of users, a handover occurs if a user is allocated to a better positioned AP at the next state. The actual throughput when a handover occurs can be modelled as the data rate multiplied by the efficiency in (1) .
As shown in (1), the handover can be classified into three types. Let's assume a user is in an optical attocell and allocated to the corresponding Li-Fi AP in state n. There are two possibilities of the handover in state n + 1, which are from Li-Fi AP to Wi-Fi AP, or to a different Li-Fi AP. Parameters η 3 and η 1 , respectively, should be used in these two situations. Similarly, if a user is served by the Wi-Fi AP in state n, the handover can only occur when the user is allocated to one of the Li-Fi APs in the next state, where η 2 is used. We denote one of the optimum solutions of the problem in (6) in state n asĝ (n) µ,α and denote the connected transmitter asv if a user is allocated to a Li-Fi AP. Thereby, the relationship between the two neighbouring states can be written as follows:
For the users allocated to a Li-Fi AP, we have
Similarly, for the users allocated to the Wi-Fi AP, we have
With the actual throughput updated in the next state, the system central unit can determine the new load balancing solution. Assume that a user is allocated to a AP, denoted asα, in state n. The achievable data rate of this user can be written as:
where g (n)
µ,α = 1, and k (n) µ,α can be obtained based on dual decomposition algorithm in subsection A. The algorithm executed in the central unit is summarised in Algorithm 1.
IV. PERFORMANCE EVALUATION
We consider a 50 m × 50 m × 3.5 m warehouse-type room which is partially covered by 16 Li-Fi APs, but entirely covered by an Wi-Fi AP, as shown in Fig. 1 . The optical APs are numbered from 1 to 16. All the optical attocells reuse the same bandwidth so that there is co-channel interference (CCI), which is treated as noise in the overlapping areas. Users are divided into fixed users and mobile users in the system, where fixed users are assumed to be randomly distributed in the optical attocells and mobile users move randomly in the room. A Wi-Fi throughput as high as 128 Mbps is assumed.
The specific values of handover overhead in different scenarios are according to [11] . The parameters are summarised in Table I . All simulation results are obtained over 500 channel realisations. Fig. 2 presents the averaged aggregate throughput of all users in two different schemes during the network operation. 'Dynamic' represents the proposed scheme. 'Static' represents a benchmark scheme where mobile users are always served by the single Wi-Fi AP regardless of the user location so ifα ∈ V then 7:
10:
end if 11: Calculate g that no handover occurs. 'Ratio' represents the ratio of the number of fixed users to the number of all users. It can be seen that the curves of data rate achieved by both schemes have a saturating trend with the number of users increasing. The proposed dynamic load balancing scheme achieves higher aggregate throughput when the number of users is small while the static scheme is slightly better when the curves approach an asymptote which is mainly due to the influence of handover overhead. Moreover, the throughput performance with higher ratio is much better than that with smaller one because the fixed users always staying in the optical attocells can make full use of the Li-Fi resource in the hybrid network.
Considering the averaged user throughput, Fig. 3 shows that the dynamic scheme results in a significant improvement for mobile users at the cost of a slight decrease of the average throughput for fixed users. The gap of average data rates between fixed and mobile users in the dynamic scheme is much smaller than that in the static scheme, which means the dynamic scheme achieves better user fairness compared with the static scheme.
V. CONCLUSION
In this paper, a hybrid Li-Fi/Wi-Fi network with dynamic handover routine is studied. Considering the handover overhead, a dynamic scheme for system load balancing is proposed. The simulation results show a saturating trend of system aggregate throughput when the number of users increases. In the case of low user density, the proposed dynamic handover system provides considerable throughput gains over the static system due to the full use of the Li-Fi resource during users' movement. However, the gains decrease and even become negative when the number of users increases , which mainly results from the influence of handover overhead. In terms of user fairness, better performance is achieved in the proposed system since each user has the opportunities to find a good position for high data rate when they are moving. This paper offers the first insight into the design of an algorithm Many parameters such as system load and ratio of mobile to fixed users, play an important role in the optimum resource allocation in the system and these will be studied in detail in the future research.
